Here, we describe a novel cell biological mechanism that disperses membrane fragments over large disResults tances through the Drosophila imaginal disc epithelium. We call these membrane exovesicles argosomes.
producing cells. Nevertheless, if mechanisms existed to argosomes when mGFP is used to mark basolateral membranes confirms that low level activity of the GAL4 extract GFPgpi from the membrane and maintain it in an aggregated state over large distances, they might driver does not produce particulate fluorescence in putatively nonexpressing cells. produce the results we see. If the fluorescent particles in nonexpressing cells were produced by partitioning of GFPgpi from the membrane, then a fluorescent marker Argosomes Consist Mainly of Membrane To investigate whether cytoplasm from the producing localized to the intracellular lipid leaflet should not be able to generate such particles. To ask whether this was cells was carried in argosomes, we examined the distribution of a cytoplasmic form of GFP. We were unable to so, we examined the distribution of a CFP-Rho GTPase fusion protein. Figure 2A shows that CFP-Rho localizes detect fluorescence in nonexpressing cells under these circumstances ( Figure 2C ). This suggests that arto the basolateral membrane in the cells that express it. Interestingly, we observed that CFP-Rho, like GFPgpi, gosomes have a high surface area to volume ratio, consisting predominantly of membrane and incorporating is found in particulate structures throughout the nonexpressing region. Because markers of both the extracelvery little cytoplasm. lular and cytoplasmic faces of the membrane can be found in particles throughout the nonexpressing region,
Argosomes Reside in an Endocytic Compartment
To determine whether argosomes are present inside or it seems likely that these particles consist of complete membrane "exovesicles" derived from distant cells. We outside of cells, we closely examined GFPgpi-expressing discs that had also been labeled with FM4-64, a have called these exovesicles "argosomes" because of their ability to travel. dye that fluoresces red upon insertion into membranes. When FM4-64 is applied extracellularly, it first inserts We have also examined the distribution of a second marker of the cytoplasmic face of the membrane: myrisinto the plasma membrane. Subsequently, as endocytosis proceeds, it is incorporated into endocytic vesicles toylated GFP (mGFP). Like CFP-Rho, mGFP localizes to basolateral membranes; however, it generates only very and endosomes as well. We expected that the intracellular versus extracellular location of argosomes should few particles in the nonexpressing area ( Figure 2B ). The fact that CFP-Rho and myristoylated GFP are incorpooften be immediately obvious upon comparison with cell outlines. In more ambiguous cases where argosomes lie rated into argosomes with different efficiencies suggests that the protein composition of argosomes is nonnear cell boundaries, we expected that an extracellular particle would immediately bind FM4-64 resulting in a random and that mechanisms may exist to specifically sort proteins into these membrane domains. Furtherbright red spot; in contrast, if argosomes were intracellular, they should be labeled only with green fluorescence more, the absence of significant numbers of labeled Figures  3A-3C ). After longer incubations with FM4-64, increasing numbers of argosomes colocalize with the dye, although we do not observe total colocalization, even after many hours. In the example shown in Figures 3D-3F , 7 out of 19 argosomes are labeled by FM4-64. These data show that argosomes are intracellular, that a fraction of them are present in an early endocytic compartment, and that others remain inaccessible to endocytic markers over a long period. These data do not rule out the presence of smaller, dimmer argosomes outside of cells that are undetectable by these methods. It is also difficult to resolve whether argosomes that appear to lie on the cell boundary are inside or outside of the cell.
Argosomes Are Present in Structures that Can Move Rapidly and Generate Smaller Fragments
To study the movements of argosomes within cells, we collected a series of time-lapse images from GFPgpiexpressing discs. Some structures appeared relatively static (asterisk); others, often characterized by their tubular shape, moved rapidly in the plane of the epithelium (see Supplemental Movie 1 [available at http://www. cell.com/cgi/content/full/106/5/633/DC1] and Figure  4A ). The example indicated by arrowheads in Figure 4A moves at 0.33 m per second (see the linked movie for additional examples of moving tubular structures). Movement was also apparent along the apical-basal (AB) axis in folded regions of the disc where the AB axis of the epithelium lay parallel to the coverslip (data not shown). Some argosome-containing structures were observed to generate smaller labeled particles. In the example shown in Figure 4B , the daughter particle moves away at 0.14 m/sec. In Supplemental Movie 2 (see URL above), it is apparent that the large GFPlabeled structure gives rise to multiple daughter particles, some of which appear tubular in shape and travel along the same "track." These data indicate that the We observed a similar gradient of GFPgpi-labeled arFurthermore, labeled argosomes might also enter the pseudostratified epithelium where it contacts the perigosomes in the anterior compartment when GFPgpi was produced in the posterior compartment under the conpodial membrane at the edge of the wing pouch. Indeed, in some discs, we observed an increase in the number trol of the engal4 promoter. In this case, an average of 266 labeled argosomes were found in the first grid of 4 of labeled argosomes in this region. Nevertheless, the fact that labeled argosomes are most abundant near by 21 cells (approximately three labeled argosomes per cell). This number decreased by approximately 50% the AP compartment boundary in the wing pouch suggests that many argosomes are moving laterally from over 12-16 cells ( Figure 5A , aquamarine bars). These data show that argosomes produced in the posterior the posterior into the anterior compartment. Taken together, these data show that argosomes can compartment can cross the compartment boundary and move through anterior tissue. The distribution of labeled be generated by both anterior and posterior compartment cells and can undergo net movement away from argosomes was somewhat more variable when GFPgpi was driven by engal4 rather than ptcgal4 (see error bars).
the source in both anterior and posterior directions. This is further supported by the observation that labeled beled argosomes when the level of GFPgpi on the plasma membrane of producing cells was high-for exargosomes are present throughout the wing pouch when GFPgpi is expressed on its lateral margins with ample, adding copies of the GFPgpi expression construct or raising the temperature of growth (thus increasbrinkergal4 (data not shown).
ing GAL4-dependent transcription) allowed us to observe more argosomes, even when the same driver Argosome Trafficking Is Actively Regulated was used (data not shown). We conclude that there is a along the Dorsal-Ventral Axis threshold of brightness below which we cannot observe To characterize argosome movement along the dorsal argosomes. Although we detect fewer argosomes overventral (DV) axis, we expressed GFPgpi in the dorsal all when expression is driven by wggal4 or ptcgal4, comcompartment under the control of the apterous propared with engal4 or apgal4, this may reflect the level moter and monitored argosome distribution in the venof GFPgpi expression rather than any intrinsic difference tral compartment. Interestingly, we found that the first in the ability of these cells to make argosomes. vehicles for the spread of morphogens, the rate at which argosomes spread through the disc epithelium ought to many discs have a slight indentation in the apical surface at the dorsal/ventral boundary, we used FM4-64 staining reflect this. To address this question, we used photobleaching to render preexisting argosomes invisible to confirm that only the flattest discs were used for quantification, and that equivalent regions of all cells throughout the nonexpressing region (the photobleached area is shown in black in Figure 6A ). We then were included in the quantifications. Therefore, we do not think that the topology of the disc accounts for these monitored the spread of newly formed argosomes through the first 16 cell rows adjacent to GFPgpi-prodifferences in argosome abundance.
To see whether the reduced number of argosomes in ducing cells (the outlined rectangle in Figure 5A ). To ensure that those argosomes we counted represented cells near the DV boundary was an autonomous property of these cells or whether it depended on the expression newly emerged argosomes rather than an older, incompletely bleached population, we counted only those parpattern generated by apgal4, we examined more closely the distribution of argosomes in engal4; GFPgpi discs.
ticles that colocalized with FM4-64. Since movement of argosomes through the epithelium must involve either We observed an identical reduction in argosome number in cells straddling the DV boundary that was most apparendocytosis or exposure to the extacellular milieu, any argosomes that do not label with the dye almost cerent apically (outlined rectangles in Figures 5D and 5E ). These data suggest that cells near the DV boundary tainly represent those present before photobleaching. Almost all the argosomes that emerged during recovery traffic argosomes differently; these cells may internalize argosomes less efficiently, or they may degrade or recycolocalized with FM4-64 ( Figure 6D ), suggesting that they had emerged since photobleaching. cle argosomes more rapidly than their neighbors.
Very few argosomes were present at 4 min after the beginning of photobleaching ( Figure 6B ). However, we Wg-Expressing Cells Produce Argosomes began to observe significant recovery of argosomes in The cells along the DV boundary that accumulate apical the first four rows of cells within 26 min ( Figure 6E ). argosomes less efficiently comprise the wingless exBetween 26 min and 3 hr, their distribution became pression domain, along with approximately two addibroader and argosomes were found up to 16 cells away tional rows of cells. To test whether wingless-expressing from the producing cells ( Figures 6C and 6E ). These cells were nevertheless capable of producing argodata show that argosomes are released by GFPgpi-prosomes, we examined discs expressing GFPgpi under ducing cells and spread through the adjacent epithelium the control of wggal4 ( Figure 5A, red bars) . In these at rates that are roughly consistent with speeds at which discs, we observed argosomes that were most abunmorphogen gradients form. dant near the wingless-expressing domain straddling the DV boundary (an average of 154 in the first grid of 4 by 21 cells, or 1.8 per cell). The next grid of cells Argosomes Colocalize with wg-Containing Vesicles contained only 77 argosomes on average. Argosome abundance increased again at greater distances from Wingless protein can be found on the basolateral membranes of the cells that synthesize it. To see whether the DV boundary, perhaps reflecting argosomes produced by the wingless-expressing cells of the hinge argosomes derived from these basolateral membranes might contain Wingless, we looked for colocalization region, which surrounds the wing pouch. These data show that the cells that produce Wingless also produce between Wingless and GFPgpi-labeled argosomes. We fixed discs that expressed GFPgpi under the control of argosomes.
The number of labeled argosomes per cell varied from either wingless or apterous, mildly permeabilized them, and stained them with an antibody to Wingless. Fixation disc to disc and depended on the line used to drive GFPgpi expression. In general, we observed more laand permeabilization drastically reduces the number of Figure 7A ). Since only half of the argosomes the phenotype of sulfateless clones, Wingless was undederived from Wingless-expressing cells will be marked tectable on the plasma membrane after incubation with by GFPgpi when its expression is driven by apterous, either heparinase I or III (compare Figures 8D and 8F ). 50% represents very significant colocalization. Wggal4 Strikingly, we also observed a strong reduction in the drives the expression of GFPgpi to a lower level than number of cell-internal Wingless spots (compare Figures apgal4, and we detect fewer argosomes under these 8C and 8E). These data show that HSPGs must be prescircumstances. Nevertheless, up to 50% of Winglessent in order for Wingless to accumulate normally within positive vesicles are also labeled with GFP in these discs the cells that produce it. EM studies have shown that ( Figure 7B) Figure 8G ). These data suggest that argosomes are produced whether or not Wingless is able to associate with them. This idea is consistent with the observation that cells in many different regions of the disc make argosomes. Argosomes may represent a widely utilized transport mechanism that is exploited by different cells for different purposes. Argosomes form part of a novel cell biological mechaArgosomes resemble exosomes in that their protein nism responsible for the spread of membrane fragments composition appears to be nonrandom. GFPgpi is incorthroughout the disc epithelium. The existence of this porated efficiently into argosomes, as is gpi-linked mechanism has striking implications for the transport horseradish peroxidase (V.G. and S.E., unpublished), of morphogens with high membrane affinity. In particuhowever GFP that is linked to the membrane via a single lar, the consistent association of Wingless with armyristoyl group is not. Gpi linkage is thought to target gosomes in receiving tissue and the prevention of this proteins to raft lipid microdomains; consistent with this, association by removal of HSPGs suggests that arGFPgpi associates with rafts in imaginal disc memgosomes could be a potential mechanism for Wingless branes. (K. Brady and S.E., unpublished results). Raft transport. The development of techniques that specifidomains play important roles in the sorting of membrane cally disrupt argosome production or movement will be proteins, and it is intriguing to speculate that they may required to resolve this issue unambiguously. promote protein sorting into argosomes. In this context, the association of Wingless to the cell membrane via
Discussion

Experimental Procedures
Dally-like-a gpi-linked HSPG-is especially suggestive. Dally-like might be expected to sort into argosomes We chose for quantification those imaginal discs that FM4-64 staining showed to be lying flat against the coverslip and which had no
The Wingless protein is distributed in a gradient both major defects or damage. XY sections were collected every 1 micron mounted with Prolong Anti Fade (Molecular Probes) and allowed to set for at least three hours before observation. starting just below the peripodial membrane until no argosomes were detected (about 15 microns below the apical surface). The nonexpressing region of the disc was divided into grids of 4 by 21
Fly Stocks cells, and the total number of argosomes in each grid was counted
The UAS:CFP-Rho construct produces a protein in which CFP is for all the sections collected. All discs were imaged under identical fused to the C terminus of DrhoA. Antibodies to both GFP (Molecular laser power, contrast, and threshold conditions. We counted as Probes, Eugene, OR) and Rho (Santa Cruz) recognize a single band argosomes only those spots whose brightness was at least 50% of of the correct size on Western blots (data not shown). that of the plasma membrane (determined using the plot profile The UAS:GFPgpi construct was made by fusing the signal sefeature of NIH image).
quence of rabbit lactase-phlorizin hydrolase (LPH) and the GPI atIn cases where GFPgpi expression was driven by wggal4, the tachment signal of lymphocyte function associated antigen 3 (LFA-3) dorsal compartment was chosen for quantification because it apto either side of GFP (Keller et al., 2001) , and cloning the fusion peared to be flatter than the ventral compartment. When quantifying construct into pUAST. The size of the protein on Western blots the reduction in argosomes present at the DV boundary, we paid indicated that the transmembrane domain had been removed and special attention to the slight groove that occurs there; we chose replaced with GPI. Density gradient centrifugation showed that the discs where it was not pronounced, and ensured that our sections fusion protein was membrane associated (data not shown). included the apical regions of all cells in the field.
UAS cytoplasmic GFP and UAS myristoylated GFP-containing Adobe Photoshop and NIH Image were used for image proflies are available from the Bloomington stock center, as are the cessing.
Apgal4, ptcgal4, and engal4 fly stocks. The winglessgal4 driver line was a gift from Steve Cohen, and Tetsuya Tabata kindly provided the brinkergal4 flies.
Timelapse Imaging of Argosome Movement
The timelapses were performed in the more apical regions of the
